The effect of partial substitution of Ti for Zr on the glass-forming ability was studied in Cu 50 Zr 45Àx Ti x Al 5 (x ¼ 0, 2.5, 5, 10) alloys by using thermal analysis and X-ray diffractometry. The glass transition temperature, T g , of Cu 50 Zr 45Àx Ti x Al 5 alloys decreased from 707 K at x ¼ 0 to 700 K at x ¼ 2:5, and keeps almost constant with further increase of x. On the other hand, the crystallization temperature, T x , decreased gradually from 767 K at x ¼ 0 to 741 K at x ¼ 10. The partial substitution of Zr by Ti in Cu 50 Zr 45 Al 5 alloy promotes the glass formation. The maximum diameter for glass formation by injection casting increased from 3
Introduction
Bulk metallic glasses (BMG) have relatively high yield strength, elastic strain limit and fracture toughness combined with high corrosion resistance, in contrast to crystalline alloys. [1] [2] [3] [4] Cu-rich bulk glassy alloys in the Cu-Ti-Zr-Ni, 5) Cu-Ti-Zr-Ni-Si, 6) Cu-Ti-Zr-Ni-Si-Sn 7) systems containing less than 50% Cu exhibit excellent glass forming ability (GFA). Very recently, new Cu-based bulk glassy alloys in Cu-(Zr, Hf)-Ti, [8] [9] [10] Cu-Zr-Ti-M (M = Y, 11) Be, 12) Ni, 13) Nb and Ta 14) , and Cu-Zr-Al 15) systems were developed. It has been reported that these Cu-based bulk glassy alloys have a large critical diameter of 5 mm by copper mold casting and very high tensile fracture strength exceeding 2500 MPa. Especially, these bulk glassy alloys possess excellent ductility, for example the plastic elongation of (Cu 0:9 Zr 0:3 Ti 0:1 ) 99 Ta 1 bulk glassy alloy is 3.4%.
The Cu-Zr binary alloys exhibit deep eutectics and can form glass by rapid solidification. The ternary eutectic melting temperatures in the Cu-Zr-Al alloy system decreases further, and the critical diameter of glass formation is 3 mm for Cu 50 Zr 45 Al 5 alloy.
15) The heat of mixing in liquid is À9 kJ/mol for Cu-Ti pair and À30 kJ/mol for Ti-Al pair. It is expected that the strong attractive interaction of Cu-Ti and Ti-Al pairs may further stabilize the undercooled liquid of Cu-Zr-Al alloy and improve the glass forming ability. In this study, the effect of partial substitution of Ti for Zr on the glass-forming ability of Cu 50 Zr 45 Al 5 alloys was studied.
Experimental Procedure
The Cu 50 Zr 45Àx Ti x Al 5 (x ¼ 0, 2.5, 5, 10) alloys were produced by arc melting a mixture of high purity Cu (99.99%), Zr (99.8%), Ti (99.99%) and Al (99.999%) under Ar atmosphere. Sponge Zr and Ti instead of metallic Zr and Ti were used together with electrolytic copper. Rapidly solidified ribbon specimens were prepared by remelting the alloys in quartz tubes, and ejected with an over-pressure of 50 kPa through a nozzle onto a Cu wheel rotating with a surface velocity of 40 m/s. The resulting ribbons have a thickness of about 45 mm and a width of about 2 mm. The injection casting was performed to make bulk samples. Appropriate amounts of the alloys were remelted in quartz crucibles and injected through a nozzle into Cu molds, having cylindrical cavities of varying diameters from 2 to 4 mm. Xray diffraction (XRD) experiments were performed to identify the formation of the amorphous phase in ribbon and bulk samples by using monochromatic CuK radiation. Thermal analysis of the ribbon samples was carried out to determine the glass transition temperature, T g , and the crystallization temperature, T x , by differential scanning calorimetry (DSC). DSC traces were monitored during heating from 373 to 873 K with a heating rate of 0.667 K/s. Also differential thermal analysis (DTA) was performed to measure the temperature range of melting endotherms with a heating rate of 0.667 K/s.
Results and Discussion
The formation of the amorphous phase was confirmed by XRD experiments in all rapidly solidified Cu 50 Zr 45Àx Ti x Al 5 (x ¼ 0, 2.5, 5, 10) alloy ribbons. obtained from as-solidified ribbons during heating with a heating rate of 0.667 K/s. All the alloys exhibit a distinct glass transition, followed by a broad supercooled liquid region and then exothermic reaction due to crystallization. The glass transition temperature, T g , and crystallization onset temperature, T x , are marked by arrows in the DSC traces. Crystallization temperatures of the alloys are assumed to be the onset temperature of the first exothermic peak. With the increase of x from 0 to 2.5, the T g decreased from 707 to 700 K, and then it remained nearly constant with further increase of x from 2.5 to 10. The T x decreased gradually from 767 K at x ¼ 0 to 741 K at x ¼ 10 with the increase of x. Therefore, the supercooled liquid region, ÁT x ¼ T x À T g , keeps almost unchanged from x ¼ 0 to 2.5, and then decreases from 64 K at x ¼ 2:5 to 41 K at x ¼ 10. The resluts of the thermal analysis is summarized in Table 1 . Also, it can be noticed that the single exotherm for x 2:5 alloys tends to split into two exothermic peaks for x > 2:5 alloys, indicating a change of crystallization behavior of Cu 50 Zr 45Àx Ti x Al 5 amorphous alloys with the increase of Ti content. Table 1 The results of thermal analysis of Cu 50 Zr 45Àx Ti x Al 5 (x ¼ 0, 2.5, 5, 10) amorphous alloys (heating rate: 0.667 K/s). 3 mm, which is identical to previous report.
15 ) The XRD pattern for Cu 50 Zr 42:5 Ti 2:5 Al 5 alloy specimen with d ¼ 4 mm as well as as-melt-spun specimen show only a broad diffraction peak, which is characteristic of an amorphous structure, and no diffraction peak corresponding to a crystalline phase is seen. Figure 5 shows DSC traces obtained from injection cast bulk specimens of the Cu 50 Zr 42:5 Ti 2:5 Al 5 alloy rods with different diameters, along with the results from melt-spun ribbon. All the DSC traces show a clear glass transition temperature at about 700 K, and a crystallization temperature at about 764 K. The single exothermic peak, corresponding to one stage of crystallization is observed in the DSC traces. The glass transition temperature and crystallization temperature were almost independent of specimen diameters, i.e. cooling rate during glass transition. Total exothermic heats during crystallization in the melt-spun ribbon and the samples with diameter of 2-4 mm were nearly same, for example about 56 J/g for the melt-spun ribbon and about 55 J/g for the d ¼ 4 mm specimen. It is indicated that a mostly single amorphous phase can be formed by the injection casting for the d ¼ 4 mm specimen of x ¼ 2:5 alloy.
The maximum diameter is related to the critical cooling rate of glass formation, 5, 16) and the estimated critical cooling rate for Cu 50 Zr 42:5 Ti 2:5 Al 5 alloy is about 250 K/s. The maximum diameter of glass formation can be considered as a real parameter reflecting the glass-forming ability of alloys. It was confirmed by XRD that the critical diameter is 3 mm for x ¼ 5 alloy and bulk glassy specimen could not be obtained for x ¼ 10 alloy (not shown). Therefore, the glass-forming ability in Cu 50 Zr 45Àx Ti x Al 5 alloy system increases from x ¼ 0 to x ¼ 2:5, and then decreases with further increase of x.
Three empirical rules have been suggested to achieve a high glass-forming ability for metallic alloys: 17) (1) multicomponent system with more than 3 components; (2) large difference in atomic size between the constituent elements; and (3) a large negtive heat of mixing in the liquid. Large atomic size ratios and large negative heat of mixing are actually reflected by the relatively low lying eutectic melting temperatures of the alloys.
5) The decrease in melting point indicates that the liquid phase is further stabilized with respect to the competing crystalline phases. The onset and finishing temperatures of the melting for Cu 50 Zr 45 Al 5 alloy lowered by about 50 K and 20 K respectively with the addition of small amount of Ti, suggesting that the competing crystalline phases may be suppressed further in the undercooled liquid of Cu 50 Zr 42:5 Ti 2:5 Al 5 alloy. This is resulted from the ''confusion principle'' as well.
18) The addition of an component to the alloy can lower the probability of the concentration fluctuation for crystallization by one order of magnitude. 19) Therefore, the multicomponent alloys may exhibit better GFA.
The supercooled liquid region, ÁT x , and reduced glass transition temperature, T rg , were suggested as indicators of the glass-forming ability. In many alloy systems T g does not vary with composition as rapidly as T m . Therefore, the alloys near deep eutectics or with low liquidus temperature have high T rg and, hence, exhibit better glass forming ability. It can be pointed out that the difference between T liq m and T g shows the minimum at x ¼ 2:5{5 for Cu 50 Zr 45Àx Ti x Al 5 alloy system, causing a relatively higher values of T rg , as shown in Fig. 3 . ÁT x increases with the increase of x from 0 to 2.5, and then decreases with further increase of x, as mentioned above. In this alloy system, the values of ÁT x and T rg loosely reflect the glass forming ability.
Summary
The T g of Cu 50 Zr 45Àx Ti x Al 5 alloys decreased from 707 K at x ¼ 0 to 700 K at x ¼ 2:5, and then keeps almost constant with further increase of x. On the other hand, the T x decreased gradually from 767 K at x ¼ 0 to 741 K at x ¼ 10. Effect of Titanium on Glass-forming Ability of Cu-Zr-Al Alloys
